Current recommendations for resuscitation of the critically injured patient are limited by a lack of point-of-care (POC) assessment of coagulation status. Accordingly, the potential exists for indiscriminant blood component administration. Furthermore, although thromboembolic events have been described shortly after injury, the time sequence of post-injury coagulation changes is unknown. Our current understanding of hemostasis has shifted from a classic view, in which coagulation was considered a chain of catalytic enzyme reactions, to the cell-based model (CBM), representing the interplay between the cellular and plasma components of clot formation. Thromboelastography (TEG), a time-sensitive dynamic assay of the viscoelastic properties of blood, closely parallels the CBM, permitting timely, goal-directed restoration of hemostasis via POC monitoring of coagulation status. TEG-based therapy allows for goal-directed blood product administration in trauma, with potential avoidance of the complications resulting from overzealous component administration, as well as the ability to monitor post-injury coagulation status and thromboprophylaxis. This overview addresses coagulation status and thromboprophylaxis management in the trauma patient and the emerging role of POC TEG.
simultaneous control of indiscriminant thrombosis elsewhere. Massive tissue injury and shock overwhelm the body's endogenous regulatory mechanisms, placing the critically injured patient at risk for both excessive bleeding and unwanted thrombosis. Early recognition of such dysregulation is a prerequisite toward the evolution of effective management strategies.
Thrombelastography (TEG), a point-of-care (POC) assay of the viscoelastic properties of blood, provides a comprehensive real-time analysis of hemostasis, from initial thrombin burst to fibrinolysis, permitting improved transfusion strategies resulting in the potential for goal-directed therapy of coagulation abnormalities following injury. This review describes the coagulation abnormalities associated with trauma, underscores the limitations of the traditional approach to post-injury coagulopathy, and highlights the emerging role of POC TEG in addressing these limitations.
COAGULATION DISTURBANCES IN THE TRAUMA PATIENT
Hypocoagulability Hemorrhage accounts for up to 40% of all trauma-related deaths 1, 2 and is compounded by the presence of coagulopathy. 3, 4 Furthermore, many trauma patients presenting with massive hemorrhage succumb to refractory coagulopathy despite surgical control of bleeding. 3, 5, 6 In fact, continuing hemorrhage due to coagulopathy remains the most common indication for damage control procedures, 2 but the acute coagulopathy of trauma remains poorly characterized. 7, 8 Traditionally, post-injury coagulopathy was thought to originate as a result of the depletion and dilution of coagulation factors resulting from hemorrhage and subsequent fluid resuscitation, termed the ''bloody vicious cycle'' by our institution in 1982. 5 In the face of ongoing hemorrhage, hypothermia and acidosis compound this coagulopathy, leading to a worsening coagulopathy culminating in death. 9, 10 The coagulopathy of trauma is a complex process, with tissue injury and hypoperfusion initiating a cascade of events resulting in a hypocoagulable state. 8, 11, 12 Although clotting factor depletion, dilutional effects from crystalloid resuscitation, hypothermia, and acidosis have significant roles, current evidence suggests that tissue injury, hypoperfusion, accelerated fibrinolysis, and inflammatory mechanisms may be more pivotal inciting events.
Immunoactivation is an important component of this coagulopathic process, particularly as it relates to endothelial cell activation, neutrophil priming, and subsequent release of inflammatory mediators from the innate immune system via activation of the complement cascade. 13 Brohi et al 8 suggest that the acute coagulopathy of trauma is mediated by thrombomodulin via activated protein C, leading to impaired thrombin generation and increased fibrinolysis. Such a process may be protective teleologically by inducing an ''auto-anticoagulation'' state that protects the perfusion of tissue beds from thrombosis in the milieu of an activated coagulation system. These authors suggest that fibrinolysis results from activated protein C's inactivation of plasminogen activator inhibitor (PAI)-1. However, an established mechanistic link of fibrinolysis to the acute coagulopathy of trauma has not been shown, and its occurrence in trauma patients has been variably reported, from 15% to 20%, 14 but is likely underestimated due to a lack of accurate and timely laboratory tests for this entity. Others believe that acute coagulopathy after injury is a variant of disseminated intravascular coagulation, with accelerated fibrinolysis mediated by PAI-1 consumption. 15 Fig. 1 depicts our current view of the ''bloody vicious cycle,'' which emphasizes that acute endogenous coagulopathy exists immediately after injury, is unrelated to clotting factor deficiency, and is thus resistant to factor replacement. Recent evidence from our group 12, 16 and others 8, 17 supports this theory, suggesting that more than a third of multiply injured patients are coagulopathic within 30 minutes from injury. This subset of patients has an increased incidence of multiple organ failure (MOF) and death. Of note, although the acute coagulopathy of trauma predominates in the immediate post-injury phase, subsequent uncontrolled hemorrhage and disrupted tissue consumption of clotting factors eventuates in factor depletion, leading to a state of systemic coagulopathy. In contrast to the acute endogenous coagulopathy of trauma, the resulting systemic coagulopathy requires prompt repletion of factors to restore hemostatic integrity.
Understanding how these factors contribute to the development and perpetuation of coagulopathy is essential to designing optimal treatment strategies. The complex interactions of thrombin, fibrinogen, platelets, protein clotting factors, calcium ions, inflammatory mediators, and the endothelium 18 create a challenge for designing a comprehensive approach to the management of acute coagulopathy of trauma.
Hypercoagulability
The oscillation in coagulation status after injury has been recognized since Walter Cannon's studies in 1917. 19 During World War I, Cannon et al studied the physiology of traumatic shock, reporting brief hypercoagulability immediately after injury, followed by hypocoagulability, ultimately returning to a hypercoagulable state. Current clinical evidence confirms that a transition from a hypocoagulable to a hypercoagulable state occurs in patients who survive the acute phase of trauma. 20 Our work 21 suggests that the delayed hypercoagulable state predisposes trauma patients 724 SEMINARS IN THROMBOSIS AND HEMOSTASIS/VOLUME 36, NUMBER 7 2010 to subsequent TE events. Currently, little is known about the timing of this transition. The etiology of the hypercoagulable state is likely multifactorial, involving endothelial injury, circulatory stasis, platelet activation, decreased levels of endogenous anticoagulants, and impaired fibrinolysis. Deep vein thrombosis has been reported to occur in 10 to 80% of patients following trauma. 22 Pulmonary embolism has been observed in 2 to 22% of injured patients, and fatal pulmonary embolisms are the third most common cause of death in those who survive the first 24 hours. 23 Although endothelial injury and platelet activation are known contributors to arterial thromboemboli, 18 the sequence of events leading to venous thrombosis is not as clear. According to the long-standing triad of Virchow, three major factors contribute to the development of venous TE: stasis of blood flow, hypercoagulability, and damaged endothelium. In addition, several lines of evidence suggest that activation of platelets contributes to the development and propagation of venous thrombi. 24, 25 In an analysis of 50 venous thrombi obtained from femoral valve pockets, Sevitt et al identified areas that were characterized by fibrin and erythrocytes, mostly located in proximity of the endothelium, as well as areas dominated by a platelet-fibrin network, located more distally in the growing thrombus. 26 Of note, scanning electron microscopy studies show aggregated platelets attached to venous endothelium. 27 Moreover, inhibition of P-selectin on the surface of an activated platelet results in impaired thrombus formation both in an experimental model of venous thrombosis and in vivo. 28 Accordingly, platelets likely contribute significantly to the formation of venous thrombi. Finally, proinflammatory activation of endothelium has been implicated in the genesis of venous thrombi. 13 Risk stratification models for post-injury hypercoagulability should therefore incorporate both enzymatic and platelet components of hemostasis.
LIMITATIONS OF CURRENT CONCEPTS AND TESTING

Classic versus Cell-Based Model of Coagulation
Our current understanding of the scientific basis of the acute coagulopathy of trauma is limited by the fact that Figure 1 The updated bloody vicious cycle. This schematic depicts an updated view of the multiple factors contributing to ongoing post-injury coagulopathy. Recent observations suggest that acute endogenous coagulopathy occurs early after traumatic injury. The subsequent development of progressive systemic coagulopathy is time dependent, resulting from persistent hypotension, acidosis, and cellular shock. FFP, fresh-frozen plasma; RBC, red blood cells. Reproduced with permission from Kashuk et al. 12 the classic laboratory tests of coagulation function, such as prothrombin time/international normalized ratio (PT/ INR) and activated partial thromboplastin time (aPTT), are largely designed for assessment of anticoagulation therapy, and their applicability to the acutely injured patient has never been proven. Consequently, no consensus exists regarding the definition of either coagulopathy or subsequent hypercoagulable states, and currently there is a regrettable lack of scientific evidence to support preventive diagnostic and therapeutic strategies.
The classic model of hemostasis suggests a central role of protein coagulation factors directing the hemostatic process, with the cells surface serving primarily to provide an anionic phospholipid region for procoagulant complex assembly. 29 Accordingly, the ''cascade'' model of coagulation (extrinsic and intrinsic pathways) is structured as a series of proteolytic reactions. Although this model supports traditional laboratory tests of coagulation by plasma-based algorithms, it does not correlate with current concepts of hemostasis occurring in vivo. 18 The two laboratory tests performed traditionally to assess coagulation are PT/INR and aPTT. These plasma-based assays are performed by recalcifying a sample of citrated plasma in the presence of animalderived or recombinant thromboplastin (PT) or a negatively charged substrate (aPTT), which results in factor activation, thereby initiating coagulation via the extrinsic (PT/INR) or intrinsic (aPTT) clotting pathway. 30 The end point for these tests is the time (in seconds) until the earliest formation of a fibrin clot is detected by visual, optical, or electromechanical means.
The applicability of these laboratory tests in the trauma setting has not been validated. Furthermore, the time required to conduct these assays in most trauma centers is $45 minutes, limiting usefulness in the setting of hemorrhagic shock. 31 Indeed, the entire blood volume of the bleeding trauma patient may have been exchanged several times during this time interval, rendering the results of these laboratory tests obsolete by the time they are available. Furthermore, both the PT/INR and aPTT are performed on platelet-poor plasma, and these tests are sensitive only to the earliest initiation of clot formation. However, >95% of thrombin generation occurs after the initial polymerization of fibrinogen. 32 Finally, these tests are performed in an artificial environment (pH ¼ 7.40, temperature ¼ 388C), irrespective of the patient's core body temperature and pH. Impairment of coagulation by acidosis and hypothermia has been thoroughly documented both in vitro and in vivo. 33, 34 Thus coagulation testing performed at a normal pH and temperature will not reflect in vivo derangements responsible for coagulopathy. 9 Diagnosis of fibrinolysis is also problematic. The euglobulin lysis time (ELT) has been used for estimating the functional fibrinolytic capacity of plasma. 14 Unfortunately, ELT remains a complex and time-consuming procedure that can take >180 minutes; hence it is not a practical test in the acutely bleeding patient. Other techniques used to diagnose hyperfibrinolysis, such as plasmin-antiplasmin complex, PAI-1, thrombin-activatable fibrinolytic inhibitor, and D-dimers, suffer from similar limitations. Gando et al failed to validate D-dimer, plasmin-antiplasmin complexes, fibrinopeptide-B b 15-42, or PAI-1 as indicators for increased fibrinolysis after trauma. 15 The limitations of classic measurements of coagulation among trauma patients have been documented in several clinical studies. Over 30 years ago, Counts et al, 35 from the Puget Sound Blood Center, performed extensive prospective analyses of coagulation function in patients receiving massive transfusions (MTs), where 69% of packed red blood cells (PRBCs) were administered within 24 hours of hospitalization. In this cohort, the predictive value of the PT, aPTT, and bleeding time was poor for assessment of generalized bleeding. Further, based on animal studies of hypovolemic shock and resuscitation, Lucas and Ledgerwood 36 observed that PT and aPTT changes were infrequent unless transfusions in excess of an equivalent of 15 units of whole blood occurred.
The classic view of the intrinsic and extrinsic coagulation cascades has been replaced recently by a cell based model (CBM) of coagulation. 29 This model recognizes the important interactions of the cellular and plasma components to clot formation. 9 The CBM suggests that procoagulant properties result from expression of a variety of cell-based features, including protein receptors, which activate components of the coagulation system at specific cell surfaces. This model also facilitates our understanding of potential mechanistic links of cross-talk among inflammation and coagulation components because interaction between platelet receptors, endothelial cells, and cytokines have important roles in coagulation. 37 This model also considers the red blood cells (RBC) and their interactions with the hemostatic process. 38 For example, the provision of adenosine diphosphate from RBCs is known to contribute to platelet activation. 39 Furthermore, the rheologic margination of platelets toward the vessel's perimeter (areas with greatest shear stress) and subsequent adhesion after endothelial injury appears dependent on the quantity and size of RBCs. 40 In sum, the CBM represents a major paradigm shift from a theory that views coagulation as being controlled by concentrations and kinetics of coagulation proteins to one that considers the process to be controlled by diverse cellular interactions.
Presumptive Blood Component Therapy for Post-Injury Coagulopathy
Consumption and dilution of clotting factors via crystalloid resuscitation and other factor-poor blood products perpetuates the acute coagulopathy of trauma. Coagulation factors present in plasma contained in PRBCs have minimal activity due to prolonged storage and associated short coagulation factor half-lives. 41 Isolated administration of PRBCs in the absence of plasma will therefore potentiate the acute coagulopathy of trauma. Accordingly, most MT protocols advocate early replacement of factors and platelets. However, the definition of MT, and the timing and ratio of specific factor replacement, remains widely debated, due at least in part to differences in protocols as well as inherent flaws in retrospective data analysis.
A valid definition of MT is lacking. MT has been defined as administration of !10 units of PRBCs to an individual or the transfusion of more than one blood volume (70 mL/kg) in 24 hours. Other dynamic definitions of MT are currently used, particularly to design appropriate MT protocols. Such definitions include transfusion >10 units of PRBCs in a 24-, 12-or 6hour period. Our group recently reviewed transfusion practices in severely injured patients at risk for post-injury coagulopathy. 42 We noted that >85% of transfusions were accomplished within 6 hours post-injury, suggesting this is the critical period to assess the impact of preemptive factor replacement, rather than the 24-hour time period others have emphasized. 43 Current clinical MT protocols promoting ''damage control resuscitation'' (i.e., preemptive transfusion of plasma, platelets, and fibrinogen) assume that patients presenting with life-threatening hemorrhage at risk for post-injury traumatic coagulopathy should receive component therapy in amounts approximating those found in whole blood during the first 24 hours. [43] [44] [45] [46] The U.S. military experience in Iraq suggesting improved survival based on a 1:1:1 fresh-frozen plasma (FFP)-to-RBC-to platelet ratio 44 has led to recommendations of fixed ratios of these blood products during the first 24 hours post-injury in civilian trauma centers. 43, 45, 46 In contrast, our results 12 as well as those of others 47 suggest that the optimal survival ratio appears to be in the range of a 1:2 to 1:3 FFP-to-RBC ratio. Of note, a prospective study by Scalea et al 48 showed no benefit to a standardized 1:1 RBC-to-FFP transfusion protocol for critically injured trauma patients, and their study did not specifically address the early (<6 hour) time frame. We believe the reported benefits from a 1:1 strategy likely represent a surrogate marker of survival. Specifically, those patients who survive injury are simply able to receive more plasma transfusions, as opposed to those who die from acute hemorrhagic shock early after injury. Two recent reports provide further evidence of this survival bias. Snyder et al 49 as well as Magnotti et al 50 analyzed sequential timing of transfusions administered for post-injury traumatic resuscitation and found evidence that early (<6 hour) assessment of bleeding is critical for analysis of post-injury traumatic coagul-opathy. Furthermore, they noted that the absence of timevarying assessment of blood component administration in trauma likely results in a survivor bias in studies assessing cumulative transfusion ratios. These reports further question the accuracy of prior studies using a cumulative ratio calculated at 24 hours. Pending further data, most trauma surgeons recommend a preemptive product transfusion of the critically injured patient in hemorrhagic shock using a RBC-to-FFP ratio of 1:2.
The role of early platelet transfusion in the setting of hemorrhagic shock also remains debated. As with FFP, recent military reports 51 have suggested routine administration of apheresis platelets to the injured patient. However, a similar survival bias has been suggested to explain the apparent benefit of early platelet administration. Furthermore, studies from more than 2 decades ago 31, 52 evaluating clotting factor and platelet counts in massively transfused patients concluded that a platelet count of 100,000/mm 3 is the threshold for diffuse bleeding, and that thrombocytopenia was not a clinically significant problem until transfusions exceeded 15 to 20 units of blood. Specifically, patients with a platelet count >50,000/mm 3 had only a 4% chance of developing diffuse bleeding. The authors of these reports concluded that routine platelet administration was not warranted in this group of patients. 31, 52 Hiippala and colleagues 53 assessed the changes in platelet and fibrinogen concentrations after major surgical bleeding and noted that a platelet count of 50,000/mm 3 was only reached late in the course of blood loss, and the changes in individual patients were unpredictable.
Although the classic threshold for platelet transfusion has been 50,000/mm 3 , a higher target level of 100,000/mm 3 has been suggested for multiply injured patients and patients with massive hemorrhage. 53 However, the relationship of platelet count to hemostasis and the contribution of platelets to formation of a stable clot in the injured patient remain largely unknown. Furthermore, platelet function, irrespective of number, is also of crucial importance. The complex relationship of thrombin generation to platelet activation requires dynamic evaluation of clot function, 54,55 as opposed to isolated measurements of platelet count, or older methods of clot assessment, such as the bleeding time, which is of no use in the trauma setting. Thus the significance of a decreased platelet count should be interpreted in the patient's specific clinical context and with knowledge of platelet function. At this time, no evidence supports an absolute trigger for platelet transfusions in trauma.
Concerns over high ratios of blood component therapy stem in large part from a growing body of evidence documenting the adverse effects of transfusion. The association of massive transfusion of PRBCs with nosocomial pneumonia, acute lung injury, and acute respiratory distress syndrome (ARDS) has been documented. 56, 57 Regarding transfusion of plasma-rich components after injury, Watson et al 58 evaluated independent risks associated with administration of FFP, platelets, and cryoprecipitate in a multicenter cohort study. Although early transfusion of these products was associated with decreased mortality within the first 48 hours, it was noted that every unit of FFP given was independently associated with a 2.1% and 2.5% increased risk of MOF and ARDS, respectively. Our group and others have found a similar association between transfusion of FFP and organ failure. 59, 60 Similar to FFP and PRBC administration, platelet transfusion is also associated with immunological complications, with a reported incidence of >200 per 100,000 transfused patients. 61 Additionally, blood products are an expensive resource and of limited supply.
A major limiting factor of current MT protocols is the lack of a real-time assessment of coagulation function. Temporal and logistical limitations of conventional measurements of coagulation have precluded true goaldirected therapy of hemorrhagic shock, with current treatment algorithms advocating preemptive replacement of products. Accordingly, the role of goal-directed therapy specifically addressing coagulation abnormalities remains to be established. Furthermore, current treatment algorithms fail to consider the complex temporal and pathophysiological dynamics of coagulation. Preemptive coagulation factor replacement is essential for the initial resuscitation of the acutely bleeding patient. We remain concerned, however, regarding the continued administration of FFP and platelets via protocols that lack POC assessment of ongoing blood component requirements.
Diagnosis and Treatment of Hypercoagulability of Traumatic Critical Illness
Thromboprophylaxis remains a challenge because objective measurements of hypercoagulability are lacking. Designed originally to assess hypocoagulable states, classic coagulation tests can neither identify hypercoagulability nor predict TEs. 62, 63 Current treatment guidelines are thus generally based on clinical risk stratification ( Table 1) . Most protocols advocate a combination of subcutaneous heparinoids and sequential compression devices. 64 Unfortunately, generic dosing of both unfractionated heparin (UH) and low molecular weight heparin (LMWH) does not account for variable pharmacokinetics between patients, which in turn depend on several clinical parameters, including weight, mobility, and degree of inflammation. Furthermore, response to thromboprophylaxis is not routinely monitored. Currently, the test used for monitoring LMWH effect is the anti-factor Xa activity level (anti-Xa) in plasma. However, anti-Xa measurement is expensive and labor intensive, and it has not been implemented rou-tinely given recent controversy regarding the lack of correlation with TE events.
Another current limitation of chemoprophylaxis is the failure to assess platelet hypercoagulability. Current thromboprophylactic regimens using UH or LMWH decrease thrombin levels through antithrombin potentiation and by direct factor Xa inhibition. 65 Although thrombin is the main platelet activator, given the multiplicity of factors known to activate platelets and the direct interactions between the platelet and the endothelium, solely targeting thrombin production via current regimens may not adequately prevent platelet activation. 18 Accordingly, a hypercoagulable state may persist despite ''therapeutic'' anticoagulation. The addition of pharmacological inhibition of platelet activation and aggregation could further reduce the incidence and propagation of thrombus growth and lead to reduction of subsequent TEs, although the use of platelet antagonists in the acutely injured patient requires precise monitoring of hemostasis due to the serious and potentially devastating consequences of recurrent hemorrhage. Given the limitations just described, it is not surprising that several studies have reported that the frequency of TEs has not changed despite adoption of current thromboprophylactic guidelines. [66] [67] [68] In a multicenter study involving 12 medical and surgical intensive care units (ICUs), Patel et al concluded that most venous thromboembolisms (VTEs) occurred due to prophylaxis failure rather than failure to provide prophylaxis. 66 In their study, 65% of VTEs occurred in patients receiving standard pharmacological thromboprophylaxis.
POINT-OF-CARE THROMBOELASTOGRAPHY
Historical Perspective Hellmut Hartert conceived TEG in Germany, at the Heidelberg University School of Medicine in 1948. 69 Introduced initially for the evaluation of clotting factor deficiencies, TEG was applied increasingly throughout Europe during the 1950s, validating its use as a reliable assessment of anticoagulant effect, the presence of thrombocytopenia, and fibrinolysis. 70 The availability of TEG in the United States was limited until the 1980s, at which time it was found to be useful during liver transplantation due to the frequency of fibrinolysis during the anhepatic phase. 71 From this initial experience, TEG evolved for use in monitoring patients undergoing cardiopulmonary bypass. In this group, it was primarily useful for monitoring intraoperative heparinization and was also found beneficial for predicting postoperative bleeding. 72 TEG gained additional acceptance as a tool for assessment of coagulation in the general surgical patient, permitting differentiation of coagulopathy from surgical bleeding. 73, 74 Technique and Interpretation The TEG analyzer is composed of two mechanical parts separated by a blood specimen: a plastic cup or cuvette, into which a 0.36-mL blood specimen is pipetted, and a plastic pin attached to a torsion wire and suspended within the specimen (Fig. 2) . Once the sample within the cuvette is placed on the TEG analyzer, the temperature is adjusted to that of the patient. The cup then oscillates slowly through an angle of 4845 0 . Initially, movement of the cuvette does not affect the pin, but as clot develops, resistance from the developing fibrin strands couples the pin to the motion of the cuvette. In turn, the torsion wire generates a signal that is amplified and records the characteristic tracing seen in Fig. 2 . In earlier iterations, this tracing was recorded on heat-sensitive paper moving at a rate of 2 mm/minute. More recent computer technology has allowed for automatic calculation of TEG variables. At our institution, a dynamic TEG tracing is transmitted directly to the operating room or ICU via computer within minutes, enabling prompt interpretation. Based on time-resistance correlations, the following seven TEG parameters have been defined: (1) split point (SP, minutes), (2) reaction time (R, minutes), (3) coagulation time (K, minutes), (4) a angle (a, degrees), (5) maximum amplitude (MA, mm), (6) clot strength (G, dynes/cm 2 ), and (7) estimated percentage lysis (EPL, %). The various components of the TEG tracing are depicted in Fig. 2 . The SP time is a measure of the time to initial clot formation, interpreted from the earliest resistance detected by the TEG analyzer causing the tracing to split; this is the point at which all other platelet-poor plasma clotting assays (e.g., PT and aPTT) fail to progress. The R value is defined as the time elapsed from the initiation of the test until the point where the onset of clotting provides enough resistance to produce a 2-mm amplitude reading on the TEG tracing. Of note, in the rapid-TEG (R-TEG) assay (discussed later, due to the acceleration of clotting initiation, the R time is represented by a TEG-derived activated clotting time (TEG-ACT). The R time and TEG-ACT are most representative of the initiation phase of enzymatic clotting factors. Whereas a prolonged R time or TEG-ACT is diagnostic of hypocoagulability, decreased values suggest hypercoagulability. The K time is a measurement Figure 2 Thrombelastography instrument and tracing. The instrument diagram depicts the cuvette where a whole blood sample is placed and the pin attached to a torsion wire. Once the assay is initiated, a tracing is produced and an initial linear segment (zone of precoagulation) extends from the beginning of the test to the formation of the first fibrin strand, causing the tracing to split (split point). The progressive divergence of the tracing reflects the formation of the clot. The R time is reached when the onset of clotting provides enough resistance to produce a 2-mm amplitude reading. The K time is a measurement of the time interval from the R time to the point where fibrin cross-linking provides enough clot resistance to produce a 20-mm amplitude reading. The a angle is the angle formed by the slope of a tangent line traced from the R to the K time measured in degrees. The maximum amplitude, MA, indicates the point at which clot strength reaches its maximum measure in millimeters. Estimated percentage lysis, EPL, is a measure of fibrinolysis and reflects the slow yet progressive decrease in clot strength once MA is reached. Reproduced with permission from Haemonetics Corporation. of the time interval from the R time to the point where fibrin cross-linking provides enough clot resistance to produce a 20-mm amplitude reading. The a angle is the angle formed by the slope of a tangent line traced from the R to the K time measured in degrees. Both the K time and the a-angle denote the rate at which the clot strengthens and are most representative of thrombin's cleaving of available fibrinogen into fibrin. The MA indicates the point at which clot strength reaches its maximum measure in millimeters on the TEG tracing, and it reflects the end result of maximal platelet-fibrin interaction via glycoprotein (GP) IIb-IIIa receptors. 75 Finally, G is a calculated measure of total clot strength derived from amplitude (A, mm); G ¼ (5000 Â A)/ (100 Â A). Due to its exponential relationship with A, G is a more realistic representation of overall clot strength. 76 Table 2 summarizes the various TEG components and their significance.
Blood coagulation in TEG is initiated by addition of an activating solution consisting of kaolin, phospholipids, and buffered stabilizers, which requires an activation phase of several minutes before coagulation starts. To expedite time to generate results (e.g., in the setting of hemorrhagic shock), clotting initiation can be further prompted by the addition of tissue factor. This permits the earliest tracings via R-TEG to be viewed within 10 minutes. Furthermore, when heparinized patients are evaluated, the effects of heparin on the TEG tracing may be delineated via a simultaneous analysis of the heparinized sample on a conventional cuvette and another containing heparinase. This strategy is particularly useful for assessment of the efficacy of chemoprophylaxis. Similarly, TEG platelet mapping assesses the patient's percentage platelet inhibition against their own maximum platelet function, as measured by changes in the MA secondary to anti-platelet therapy (e.g., acetylsalicylic acid, dipyridamole, clopidogrel). 77 Specific coagulation derangements produce characteristic TEG patterns. Fig. 3 depicts these deranged profiles along with a normal TEG tracing. Anticoagulation causes enzymatic inhibition of coagulation factors and produces a prolonged R time due to delayed initiation of clot formation, along with normal fibrinogen (normal K time and a angle) and platelet function (normal MA) (Fig. 3B) . Platelet dysfunction is noted by a tracing with a normal R time and a primarily decreased MA, as seen in Fig. 3C . We have defined clinically significant fibrinolysis when EPL values exceed 15% 7 resulting in a characteristic tapering of the TEG tracing immediately after the MA is reached (Fig. 3D) . Depicted in Fig. 3E is a characteristic tracing of hypercoagulability, identifiable by decreased R and K times along with an elevated a angle and MA.
Coagulopathic tracings seen in the severely injured patient involve a combination of the examples just described. A prolonged TEG-ACT and R time early after injury typically characterize an evolving coagulopathy. Further resuscitation with crystalloid and PRBCs may lead to decreased platelet function (reduced MA), as seen in Fig. 3C . The basic TEG tracing has been further studied to generate novel TEG parameters that may be useful markers of coagulation abnormalities. [78] [79] [80] [81] Using the CBM, 29 Nielsen described a clot lifespan model (CLSM) of coagulation. 78 Employing a TEG-based approach with a standardized clotting and fibrinolytic stimulus, he assessed parametric, elastic modulus-based parameters of clot formation. The model provides mechanistic insight into hemostasis through clotting and fibrinolytic stimuli that would not otherwise be explained by coagulation factor activity alone. The CLSM was able to differentiate enzymatic inhibition from cellular-controlled noncatalytic inhibition of protein-protein interactions responsible for changes in both clot growth and disintegration during hemodilution. Observing this CLSM of coagulation, Sorensen et al noted that thrombelastographic coagulation kinetics correlated with thrombin generation in vivo. 79 This correlation resulted from calculating the first derivative of changes in clot resistance expressed as a change in amplitude per unit of time (mm Â 100/second), representing the maximum velocity of clot formation. Based on these derivatives, clot-velocity curves (V curve), depicted in Fig. 4 , may be plotted using standard TEG software. Rivard et al demonstrated that the V-curve parameter ''time to maximum rate of thrombus generation'' (TMRTG), calculated from the time of clot initiation to the point where maximum velocity of thrombus growth is reached, correlated with thrombin-antithrombin levels, 80 validating TMRTG as a potential marker of thrombin generation.
We recently studied V-curve parameters in a cohort of surgical intensive care unit patients at risk for TE complications and demonstrated a linear correlation (r ¼ 0.94) between a novel parameter delta and TMRTG. 81 Delta (depicted in Fig. 4) is calculated from the same time interval as TMRTG by subtracting SP from the R time. A decreased delta indicates increased thrombin generation, as seen in a hypercoagulable state, whereas an increased delta indicates decreased thrombin generation, as seen in hypocoagulability or enzymatic inhibition of coagulation factors. In our pilot study, 30% of patients receiving prophylactic LMWH had an appropriately increased delta but remained hypercoagulable according to increased total clot strength (G) and MA. Delta may thus aid in differentiation of enzymatic from platelet hypercoagulability.
The various TEG values, derived from a single measurement of whole blood coagulation, are not independent parameters but rather a continuum of blood coagulation with interactions between all components. For instance, thrombin liberates fibrinopeptides from fibrinogen, allowing association with other fibrinogen molecules for soluble fibrin and subsequently thrombin-activated factor XIII converts soluble into crosslinked fibrin. This impacts the rate of clot strength as represented by the a angle and K time. Furthermore, thrombin exerts known effects on platelet function due to interactions with factor VIII and von Willebrand factor; accordingly, such changes mainly impact MA and G.
Recent data suggest the superiority of TEG as compared with both aPTT and PT/INR for assessment of the acute coagulopathy of trauma. Kheirabadi et al 82 showed in a rabbit model that TEG is a more sensitive indicator of dilutional hypothermic coagulopathy than PT. A recent clinical study of trauma patients surviving the first 24 hours reported that TEG detected hypercoagulability (by an increased MA and G) whereas the PT and aPTT did not. 83 In a retrospective review of penetrating injuries, Plotkin et al 84 recently demonstrated hypocoagulation based on delayed propagation of the clot (increased K time and reduced a angle) and decreased clot strength (reduced MA), where MA correlated with blood product use (r ¼ 0.57, p < 0.01). These findings emphasize the limitations of classic coagulation tests and their lack of effectiveness, particularly in post-injury coagulopathy.
POC testing has also proved useful for the detection of fibrinolysis. In a cohort of trauma patients, Schöchl et al 85 determined fibrinolysis as detected by ROTEM as a better predictor of mortality than injury severity score. The primary difference between ROTEM and TEG relates to hardware; whereas TEG operates by oscillating a cup filled with a sample that engages a pin/ wire transduction system as clot formation occurs, the ROTEM involves an immobile cup in which the pin/ wire transduction system slowly oscillates. 86 Parameters and diagnostic nomenclature among these two assays are similar. In our recent experience with trauma patients requiring MT, fibrinolysis was identified by TEG in 18% of patients and occurred <1 hour post-injury. 7 Among patients requiring MT, 65% had fibrinolysis, with the risk of death correlating significantly with the presence of fibrinolysis (p ¼ 0.027).
Goal-Directed Resuscitation of Post-Injury Coagulopathy
Goal-directed transfusion therapy guided by TEG tailors blood product administration to the pathophysiological state of the individual patient. At our institution, this approach has become an integral part of resuscitation. 87 Using this technology, a variety of coagulation abnormalities have been noted that in the past would have been overlooked. Our current protocol of component transfusion therapy emphasizes a goal-directed approach, permitting stepwise correction of coagulation dysfunction by repeated assessment via TEG. Fig. 5 shows a clinical example of this stepwise goal-directed approach to post-injury coagulopathy.
With results available within 10 minutes, an initial hemostatic assessment with R-TEG identifies patients at risk for post-injury coagulopathy upon arrival. Blood component therapy is then tailored to address each deranged phase of clotting in a specific manner, and subsequent reassessment allows the evaluation of response until a set threshold is reached. This strategy also permits improved communication with the blood bank; based on initial assessment and response to component therapy, more accurate estimations of component requirements can be made. Fig. 6 depicts our current goal-directed approach to coagulopathy. Reflecting the initiation phase of enzymatic factor activity, a prolonged TEG-ACT value is the earliest indicator of coagulopathy; when the value is above threshold, FFP is administered. K time and a angle follow and are most dependent on the availability of fibrinogen to be cleaved into fibrin while in the presence of thrombin. If indicated by K and a angle, cryoprecipitate is administered, providing a concentrated form of fibrinogen (150 to 250 mg/10 mL). 88 MA is then noted, considering the relationship between fibrin generated during the initial phases of hemostasis and platelets via GP IIb-IIIa receptor interaction. 75 Platelets are administered based on an MA <54 mm, which reflects the platelets' functional contribution to clot formation. Of note, in this protocol, platelet transfusion is not based on platelet count but on functional contribution to clotting, reflected by the MA.
Antifibrinolytic drugs such as aprotinin or aminocaproic acid have proven effective in hemorrhage during cardiac surgery and hepatic transplantation. 89, 90 However, both cost and morbidity associated with indiscrim- Figure 5 Coagulopathic tracing after injury and subsequent correction via goal-directed therapy. The black thromboelastographic tracing was obtained upon admission and shows delayed clot initiation, decreased rate of clot formation (decreased angle), and poor platelet contribution to clot strength (decreased maximum amplitude). Administration of freshfrozen plasma, cryoprecipitate, and platelets gradually achieved a normal profile, as seen by the subsequent tracings in gray.
inant use mandate an accurate diagnosis of fibrinolysis. Specifically, these drugs have been associated with an increased risk of renal failure and thrombotic events such as stroke and myocardial infarction. 91 Of note, TEG is the only current test able to establish a diagnosis of fibrinolysis rapidly and reliably in the acutely bleeding patient. 92, 93 After the tracing has reached MA, an EPL index is obtained based on the decreasing rate of clot strength. Epsilon-aminocaproic acid is indicated in the presence of significant fibrinolysis (EPL >15%). Fig. 7 shows a clinical example of correction of a fibrinolytic TEG tracing in a hemorrhaging patient following administration of aminocaproic acid. Furthermore, we have observed a post-fibrinolysis consumptive coagulopathy, which represents diffuse clotting factor deficiency secondary to massive consumption after fibrinolysis. The resulting severe thrombin deficiency may be an indication for recombinant factor VIIa, and we have noted rapid improvement with normalization of TEG patterns after such treatment.
In summary, implementation of a goal-directed approach to post-injury coagulopathy offers the following potential benefits: (1) reduction of transfusion volumes via specific goal-directed treatment of identifiable coagulation abnormalities, (2) earlier correction of coagulation abnormalities with more efficient restoration of physiological hemostasis, (3) improved survival in the acute hemorrhagic phase due to improved hemostasis from correction of coagulopathy, and (4) improved outcomes in the later phase due to attenuation of immuno-inflammatory complications, including ARDS and MOF.
Current retrospective data and pilot studies support a reduction in MT rates, decreased need for multiple and repeated classic coagulation tests, and decreased morbidity and mortality after implementation of TEG in trauma care. 21, 81, 85, 94 We recently compared pre-TEG to post-TEG outcomes of patients at risk of post-injury coagulopathy admitted to our trauma center. 95 The TEG G value was significantly associated with survival (p ¼ 0.03), whereas PT/INR and PTT did not discriminate between survivors and nonsurvivors. Further validation studies are ongoing at our institution as well as other trauma centers.
Post-Injury Hypercoagulability: Risk Stratification
Because POC TEG characterizes dynamic hypercoagulability and simultaneously reflects the antithrombotic effect of chemoprophylaxis, it may serve as a template for designing tailored thromboprophylactic regimens. We anticipate that TEG will prove useful for optimizing prophylactic LMWH dosing and monitoring, and for identifying those patients requiring antiplatelet therapy in addition to, or in lieu of, LMWH therapy for the prevention of TE events. Additionally, recent experience gained in cardiovascular medicine with TEG platelet mapping for dosing and monitoring of platelet inhibitors [96] [97] [98] suggests its usefulness for guiding prophylactic antiplatelet therapy in this subgroup.
Our recent work has validated that TEG hypercoagulable G values were predictive of TE events in a cohort of critically ill surgical patients receiving standard chemoprophylaxis. 21 Despite chemoprophylaxis, 60% of patients remained hypercoagulable as measured by G. In a multiple regression analysis, for every 1-point increase in G there was a 25% increased risk of TE complications, when controlling for the presence of chemoprophylaxis (odds ratio: 1.25, 95% confidence interval, 1.12-1.39). None of the patients with a normal coagulation TEG profile developed a TE event (p < 0.001).
Recently, an in vivo study evaluating the effect of LMWH on TEG parameters reported that TEG parameters correlated significantly with anti-Xa levels. Among these parameters, the TEG R time had the best correlation with anti-Xa levels with the most favorable combination of sensitivity and specificity for the therapeutic range of anti-Xa levels (r ¼ 0.82; p < 0.0001; sensitivity 68%, specificity 100%). 62 As mentioned previously, one prominent limitation of current thromboprophylactic regimens is the absence of platelet inhibition; no differentiation between enzymatic and platelet contribution to hypercoagulability can be made based on classic coagulation tests. Delta's linear correlation with TMRTG may allow for identification of thrombin's important contribution to clot formation. 81 Using delta as a measure of enzymatic activity may allow for differentiation of the enzymatic contribution to hypercoagulability from that of platelet reactivity.
LIMITATIONS AND FUTURE DIRECTIONS
Introduction of TEG into clinical practice has multiple challenges. Although the routine operational cost of a TEG assay is comparable with that of a single classic coagulation test (PT/INR, aPTT), the cost of the TEG analyzer is significantly higher than that of the equipment required for classic coagulation testing. However, reductions in financial and administrative costs have been documented at institutions using TEG in cardiac surgery patients because decreased blood transfusion and surgical reexploration rates have decreased after implementation of TEG. 99, 100 Despite this, no documented financial benefit has yet been established prospectively comparing TEG with routine clinical practice when caring for trauma patients. The potential benefits of TEG are contingent on accurate interpretation of results. This comes with a significant learning curve for the clinician to translate these potential benefits into clinical practice. Our initial experience with goal-directed therapy via TEG and our current preliminary studies have led us to initiate a randomized prospective clinical trial to evaluate more accurately the usefulness of TEG as a screening test for hypercoagulability and monitoring of thromboprophylaxis. If confirmed, an improved risk stratification of surgical patients based on the presence, degree, and differentiation of the hypercoagulable state could facilitate changes to our current thromboprophylaxis regimens. We have also initiated a randomized prospective clinical trial evaluating the efficacy of our current TEG protocol in managing post-injury coagulopathy in the context of MT. These studies will help elucidate the usefulness of this promising technology.
CONCLUSION
Successful management of the severely injured patient requires knowledge of the dynamic process of coagulation. Impaired platelet function and coagulation factor activity are not predicted by dilution or hemorrhagic shock alone. Rather, the coagulopathy of trauma is a complex multifactorial event. Furthermore, complications resulting from hypercoagulable states developing after post injury remain significant continuing challenges after successful resuscitation has been accomplished. Current thromboprophylactic regimens incompletely address the pathophysiology of venous thrombosis, which likely reflects multiple complex interactions involving coagulation proteins, platelets, endothelial cells, and inflammatory mediators. Recent experience with TEG suggests that this technology could serve as a template for clinical applications of the CBM of coagulation in the injured patient. Subsequent treatment protocols are now being tailored based on specific evaluation of clot formation as an ex vivo representative assay of the coagulation process. 
